The level densities of intermediate and heavy nuclei have been fitted to the free gas model formula with some improvement over previous fits. The predictions of tho model regarding cross section behaviour have been tested and found to lead to anomalous behaviour of the partial widths for incident neutron energies above 1·5 MeV.
INTRODUCTION
Knowledge of the average resonance parameters for a large number of nuclides is necessary for applications in astrophysics, reactor physics, and fission physics. In many instances, owing to the extremely short lifetimes of the nuclides involved, no data are available or else the data are too crude to give sufficiently reliable estimates. Of 80 major fission product nuclides causing reactor poisoning, 40% have no measured resonance parameters. To calculate their effect on the neutron flux, the capture cross section (averaged over energy groups) must be computed using estimated values for the 8-wave strength function So, the average radiation width l\, and the average level spacing D. Of these, the first two appear to be reasonably systematic functions of mass number, and linear interpolation between experimentally determined values is expected to yield reliable estimates for the unknown parameters. However, the average level spacing sensitively depends on even-odd effects and on nuclear shell structure, making interpolation difficult and inaccurate. The level density for a gas of free nucleons was first derived by Bethe (1936 Bethe ( , 1937 and this expression, after suitably correcting for interactions present in actual nuclei, has been widely used to predict nuclear level densities. The most recent and most accurate free gas formula is due to Gilbert and Cameron (1965) and involves the use of parameters derived from a semi-empirical mass law (Cameron 1957) to correct for the effects of nucleon pairing and shell structure. However, this formula still gives an average deviation factor between experimental and calculated level densities of,...., 1· 75, which is well outside the experimental errors. Since the capture cross section depends quite sensitively on D (once So and Ty have been determined), the present treatment was devised to improve upon this fit, which is not exact enough for reactor physics applications.
II. THE LEVEL SPACING FORMULA
At an energy E above the ground state, the density of states of spin J is given by Gilbert and Cameron (1965) as
Since actual nuclei have important interaction energies which depress their ground states below those of the corresponding gases, an "effective" excitation energy U measured from the conceptual ground state of the gas is used in equation (1) in place ofthe nuclear excitation energy E. If the ground state ofthe gas is approximated by the reference mass of odd-odd nuclei, then U is given by U=E-f:l.E, (2) where f:l.E is the nucleon pairing energy, which may be subdivided into separate contributions from neutrons and protons:
The paIrIng correction has the practical justification of removing even-odd effects from the level density parameter a. The variable a is the spin cutoff parameter and is related to the nuclear moment of inertia and the nuclear temperature. Gilbert and Cameron (1965) give
where A is the mass number of the compound nucleus. The level density parameter in Bethe's theory is directly proportional to A, but, although this general trend prevails, rather large deviations occur in the vicinity of magic number nuclei. These deviations are removed very well by use of the shell correction parameters of Cameron's semi-empirical mass law. The total shell correction 8 is again subdivided into proton and neutron contributions,
and it is found that a linear correlation between a/A and 8 exists for undeformed nuclei, a/A = 0·009178+0·142, (6) while deformed nuclei can be represented by a parallel line, a/A = 0·009178+0·120. This gives a certain physical meaning to the shell correction since the level density parameter is directly related to the density of single-particle states at the Fermi energy. Thus the pairing corrections and shell corrections derived from the semi-empirical mass law remove the even-odd effects and shell effects from the level density parameter. Since the mass formula gives deviations of the order of 200 ke V from the measured masses, we cannot expect the correction parameters to be known to better than this accuracy. Furthermore, the separation of the total mass correction into pairing and shell contributions is not unique; the pairing -_ . _ -corrections for odd Z or N are zero and those for even Z or N are found by making the variation of S(Z) and S(N) as smooth as possible_ To obtain an exact fit to the experimental level densities, the shell and pairing corrections were re-evaluated subject to the restriction imposed by the mass formula that S(Z)+P(Z) and S(N)+P(N) remain unaltered_ To do this, it was found necessary to relax the assumption of zero pairing correction for odd Z and N values, which corresponds to correcting the characteristic levels of the Fermi gases_ The experimental 8-wave level spacings were weighted according to the percentage error and the correction parameters were least-squares adjusted_ Care must be taken in the region of mass number 100, where apeak in the p-wave strength function occurs, since in these nuclei p-wave resonances are to be found at thermal energies_ In most cases other than 93Nb, l values for particular resonances are not • Nuclides that are major fission products_ • Nuclides that are major fission products.
known, and only such nuclei as 98Mo and looMo, with experimental level density parameters much greater than those given by equation (6), were not fitted. Our value of 15 for 93Nb, calculated from 8-wave levels only, is considerably greater than that quoted by Gilbert and Cameron (1965) . The information on level spacings, nuclear binding energies, and ground state spins was taken mostly from Gilbert and Cameron (1965) , where the original references are listed. Table 1 compares the new values for shell and pairing corrections with the previous values given by Gilbert and Cameron. Table 2 gives the values of 8-and p-wave level spacings at the binding energy and at a bombarding energy of 1 MeV, calculated from the improved formula for nuclides of interest. Experimental level spacings are inserted where known and the calculated value from Gilbert and Cameron's formula is also given.
III. CROSS SECTION CALCULATIONS
The task of predicting level spacings was initiated to assist in the estimation of unknown radiative capture and scattering cross sections for use in Australian Atomic Energy Commission nuclear data libraries. The property of the free gas model that the level spacing decreases with increasing neutron bombarding energy (evident from Table 2) leads to difficulties in the 1 MeV range. It is normally assumed that the scattering and radiative capture strength functions remain constant from thermal energies up to regions where direct reaction effects become important. Garrison and Roos (1962) where (Tt is the total cross section, 8! is the penetration coefficient for each l state, flJ is the spin statistical weight factor, (Tn.y is the radiative capture cross section,
Af27T is the neutron wavelength, k is the neutron momentum, r is the total width, Sl = Tit/15, T = T.,j15, and r:. k ~ Ty.
Since ry and 15 only appear in the ratio T, the radiative capture strength function, the results of Garrison and Roos are reproduced merely by assuming that T is constant. However, if 15 decreases according to the free gas formula, the experiments are reproduced only by assuming a roughly proportional decrease in each of .t!. and r;. Alternatively, should one choose these parameters to be constant, the predicted capture cross section undergoes an exponential increase above 1· 5 Me V, which is not in accord with experiment, as illustrated in Figure 1 . The present strength function data were taken from Computor Index Neutron Data (1965) . The experimental points quoted by Garrison and Roos were very dense, so that the curve 1 shown in Figure 1 is the line of best fit.
The most satisfactory procedure in the range from 1 to 10 MeV, as put forward by Zakharova and Malyshev (1965) , is to calculate 8 1 from the optical model, 15 from the free gas model, and assume that .F~ = 158 1 , The radiative widths can be estimated from the Weisskopf (1937) theory. Zakharova and Malyshev took a detailed account of photon cascades in their calculations for 1271 and obtained a reasonable fit to the radiative capture cross section. In their theory the decrease in 15 is compensated by decreases in the direct reaction contribution and in the widths for neutron radiative capture. It is clear from their results that the good agreement obtained by Garrison and Roos for 115In must have been fortuitous.
